A new approach to determine the hardness profile of superficially heat treated steels is proposed. This method uses the experimental hole drilling technique based on the measurement of the penetration load of the drill for the treated steels with a non negligible hard film thickness and the indentation technique for the case of thin hard films.
INTRODUCTION
Surface heat treatments concern many parts of machines particularly exposed to corrosion, friction and high pressure. Different techniques are available to carry out superficial heat treatment (carburizing, nitriding, carbo-nitrizing, induction hardening, etc.). Some non-destructive techniques such as ultrasonic wave techniques or the Foucault current method were developed to check the quality of such treatments.
These electromagnetic techniques are very interesting and found several applications but they are highly sensitive to parameters other than hardness, with the result that signal interpretation is reserved for specialists. Moreover, these methods give the depth treatment with a good precision for sudden transition, but they do not give the whole hardness profile.
An acousto-optic technique was also developed to measure the hardness evolution, on a part for the Jominy end-quench test, by using the microstructural analysis of the surface. In order to apply this technique to reach the hardness profile of a superficially heat treated steel, it would be necessary to cut out the specimen and to prepare the surface by grinding and polishing exactly as for the micro indentation technique.
In our current state of knowledge, there is no fast, non-destructive technique determining the whole hardness profile of a superficially heat treated steel.
Therefore, in spite of many disadvantages such as the destructive aspect, or increased costs caused by the slowness of the procedure, the Vickers micro indentation technique is still commonly used in industry.
For materials having undergone thermal hardening; the problem is especially difficult for hard, thin ones.
Hardness tests are excellent candidates for this purpose. However, hard films tend to transmit the deformation to the softer substrate, and the measurement is a compromise between the hard surface and the substrate properties. A possible solution is to use lower loads, in order to limit deformation to the hardened layer (nanoindentation technique) by respecting the ' 1/10 th rule' (Bilckle, Ι\ί), which states that the substrate does not perturb the measurement of the hardness if the indentation depth is smaller than 0.1 times the hardened thickness. An alternative consists of constructing precise models of the influence of the substrate to obtain the intrinsic mechanical properties of the layer from usual micro-indentation techniques.
For materials with a hard film, analysis of the strains and the stresses is then used to explain or predict the failure of the hard film. This can lead to optimising the layer in terms of its thickness or material properties.
Two simple and reliable techniques will be presented in this work:
-The hole drilling method which uses a test based on the well known proportionality between the cutting force measured during a drilling test and the hardness of the material tested 12,31, -The indentation technique based on the load-displacement curve of an indenter during indentation.
Each method is used for a specific case; the indentation method is used for films with low thickness and when the hardness gradient is steep. The drilling method is used for hardness profiles with a more gradual gradient and when the average film thickness involved is higher than 0.2 mm. Figures 1 and 2 give the hardness profile (obtained by Vickers micro-indentation) of 40CMD8 and Z2CN18-10 steels. Steel 40CMD8 presents a hardness profile with regular decrease (Figure 1 ) and a hard film which extends roughly to a depth of 0.24mm. Steel Z2CN18-10 has an abrupt decrease in hardness profile ( Figure 2 ) with a horizontal level and a well delimited hard film thickness of 0.23mm .
CHOICE OF THE METHOD
The study presented hereafter will show that the drilling method is most effective for materials like 40CMD8 steel whereas the indentation technique is better used for the case of bilayers such as Z2CN18-10 steel presenting an abrupt decrease on a low thicknesses, and for very low hardened film thickness in which a drill bit of diameter lower than 0.4mm does not allow total penetration of its main and marginal cutting edges.
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DRILLING METHOD
Principle
The test !M consists of measuring, and recording on a personal computer, the thrust when a drilling tool penetrates the specimen at imposed translation and rotation speeds. The experimental set-up is shown in Figure 3 .
The machine is fully controlled by the computer. 
Thrust model on homogeneous materials
Drilling has been the subject of many studies in the past, in order to find the best cutting conditions, to minimize the necessary mechanical power, to minimize the drill wear and thus to increase productivity.
Optimising productivity required knowledge of the mechanical power useful for the drilling in order to choose the most suitable machine. The mechanical power calculation required the stress drilling evaluation. 
For standard drills, they proposed a simpler model as follows:
(k 2 , k 3 , k 4 , k 5 and k 6 depend on experimental parameters and on tested materials /8/).
The authors /8/ specify that the relation is checked for steels having a hardness lower than 250 Hb. We show below that the proportionality between the material hardness and the drilling axial load remains valid for much higher hardness values.
More recently, other predictive models for thrust have been developed by separately discretising the chisel edge and the cutting edge /9-11/. Currently, the cutting mechanisms are different for the main cutting edge and the chisel edge.
On the central part (chisel edge) the cutting mechanism is called orthogonal cutting because at each point of the lip the cutting velocity direction is normal to the chisel edge. A simpler orthogonal cutting model was
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proposed by Merchant /12/. Cutting force F c parallel to the cutting velocity direction and force F a normal to this direction are respectively calculated by:
F a =F C tan(X-y) ksw cos^ -γ) cos (9) sin(<p) cos(<p + λ -γ) ksw sin(X -γ) cos (0) sin((p) cos (9) cos((p + λ -γ)
where φ is the shear angle.
We can see that for both orthogonal and oblique cutting the models of the cutting force are expressed as a function of cutting conditions (cutting velocity, depth of cut, etc.), of tool geometry (lip length, angles, etc.) and of material shear flow stress . The latter characteristic is known to be approximately proportional to the Brinell or Vickers hardness of the material /16/.
Linearity between drilling load and hardness
The linearity between drilling load and hardness is known only up to 600 HV (Vickers hardness). To
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verify this linearity for hardness higher than 600 HV, several steels are heat treated in order to increase their hardness ( Figure 4 ).
The linearity persists even for hardness higher than 600 HV ( Figure 4 ) (the least squares line has a slope of 0.45 for a translation speed equal to 0.02mm per revolution and for a diameter drill tool equal to 2mm).
In the case of hypereutectoid steels (carbon percentage higher than 0.85%) in which proeutectoid cementite exists, the latter is precipitated in the austenite grain boundary, in more or less regularly distributed globules (Globulized Z200, Figure 4 ). Ferrite is a soft and ductile constituent, but the chromium alloy element present in the solid solution hardens it. Conversely, cementite and carbides are hard and brittle components. At the time of cutting, the chips are short and break easily and do not stick to the tool. The tool is worn very slowly.
On the other hand, in the case of hardened steel 35CD4, the martensitic structure obtained after hardening with a low carbon rate supports cohesion between the various components and the metal is evacuated in the form of a long chip ( Figure 4 ). The metallurgical study shows that 100C6 steel presents a globular pearlite structure (Photo 5).
Quenching of 100C6 steel leads to a martensitic structure whose hardness is multiplied by 3.5 (Photo 6).
After normalisation at 850°C, 100C6 steel once again yields martinsitic needles (Photo 7).
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Photo 5: 100C6 steel (Globulized at 700°C during two hours).
Photo 6: 16NC6 steel (Quenched).
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Photo 7: 100C6 steel (Normalized at 850°C during two hours)
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Thrust models on heterogeneous materials
As mentioned above, the cutting force measured during a drilling test on heterogeneous material, heat treated steel for example, includes heterogeneous resistance along the cutting edge of the drill. Thus, measured thrust does not correspond exactly to the hardness profile of the tested material. In order to obtain the hardness profile, it is necessary to separate the heterogeneous resistance along the cutting edge.
To do so, we discretise the drilled thickness into "m" elemental thicknesses by choosing m such that there are integer "c" elemental thicknesses on the length of the bit. Thus each measured thrust value Rj (Figure 8 ) Each element Fj of the cutting edge can be considered as a cutting tool, working in oblique cutting mode. Now, in this cutting mode, the effort increases when the rake angle decreases and also when the obliquity angle decreases 191. Moreover, along the cutting edge of a drill, the rake angle decreases when the obliquity angle increases. So there is a kind of compensation making nearly uniform the force distribution along a cutting edge. In another respect, a cutting speed which varies a great deal along the cutting edge has a very low influence on the thrust measured in the drilling operation 111.
Consequently, in a first approach, the force distribution can be considered uniform along the cutting edge when drilling is performed on a homogeneous material.
The models mentioned above show that both thrust on cutting edge and thrust on chisel edge in a drilling operation are in direct relation to the material hardness tested IS/. When the discretization is fine enough we Therefore, a simple procedure determine their values once all experimental parameters are fixed for a set of tests.
Finally, by considering the m steps of a drilling operation, we can constitute the following system of equations: Subsequently, the application of this procedure enables us to determine quickly the hardness profile of a superficially heat treated steel, by a simple drilling test, without substantial specimen destruction.
Results on heat treated steels
A first example is given in Figure 9 . The tests were carried out on a nitriding 40 CMD8 steel with a 0.4-mm diameter TiCN-coated carbide drill bit. The thrusts were measured during a drilling test in dry conditions, at a feed rate order of 0.01 mm/rev and cutting speed of 17 m per minute. To compare our results, the Vickers technique was also performed on a thin plate taken from the same specimen. The values measured are given on the same graph.
G. Mauvoisin et al.
Journal of the Mechanical Behavior of Materials
Depth (mm)
Fig. 9: Hardness curves for nitrited 40CMD8 steel.
Drill technique leads to a good approximation of the hardness profile.
Nitrided and highly alloyed steels present a bilayer hardness profile with two homogeneous zones: the film and the substrate are quite distinct. This is the case in Z2CNU18-10 steel (Figure 2 ) and the case in 
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Drilling and Indentation Methods thickness hardened film value. On the other hand, for very small hard films, the drill cutting edge sizes are greater than the film thickness and the hole drilling method cannot give the film hardness. For these cases, the indentation method is used.
Principle
The indentation measurement consists of pushing an indenter into the sample under precise load control.
The initial rate of change following the decrease in force (i.e. the slope) is defined as the sample stiffness. In a standard nanoindentation measurement, the indenter is inserted to some specified depth and then extracted, 
Spherical indenters
The relationship between load F and the characteristic contact displacement δ represents an important material characteristic in indentations with spheres of radius R. Spherical indenters are widely studied experimentally, because of their relatively simple geometry, and theoretically, because of their facility to provide essential information on both elastic and plastic deformation properties of the test material. By defining indentation stress, F 0 = F/na 2 (a is the contact radius) ( Figure 11 ) and indentation strain, a/R, it is possible to generate an indentation function F 0 (a/R) which strikingly reflects the intrinsic stress-strain curve for any solid material. Such functions have been routinely measured on homogeneous solid materials, including ceramics. Initially, there is contact at only one point between the indenter and the sample. As the indenter progresses, the program automatically establishes the junction between the contact surface nodes of the sample surface and those of the indenter.
INDENTATION METHOD
An elastic sphere indenting an elasto-plastic layer on an elasto-plastic substrate for an axisymmetric halfspace under normal contact was considered and modelled using a finite-element model in which the boundary conditions are given in Figure 11 ; the boundary conditions may be expressed as follows:
where a is the contact radius. Perfect bonding is assumed at the interface between the layer and the substrate, i.e. displacements across the interface are continuous:
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where the superscripts 1 and 2 represent the layer and the substrate, respectively, and h is the layer thickness.
The stress-strain curve of a metal can be characterised by:
where ε is the total strain and η the strain hardening exponent (n = 0 denotes a perfectly plastic material) and ε ρ ι. is the plastic energy.
A finite element program was used with 6316 elements and 5986 nodes. A total of at least 30 elements were allowed to come in contact with the substrate in order to provide sufficient resolution in the computation of the field around the indenter. Other smoothness meshes were tested. The conclusion was that the results were identical.
Identification procedure
For a homogeneous material, we seek to express the indenter displacement δ according to load F. The selected function will be written as follows:
Functions A and Β depend on flow stress ay and strain hardening exponent n, and will be deduced from the analysis of the results yielded by finite elements simulations on a series of materials.
The friction coefficient at the indenter-material contact was varied from 0.0 to 1.0. Various friction coefficients were used, and their influence on the F-δ curve is negligible /20/. Thus, for the studied materials, it will be considered constant and equal to 0.2. 
Steels with a surface heat treatment present a hardened fine layer (film), which varies from a few hundredths of a mm to several mm.
One can consider that these materials consist of two almost homogeneous layers (Figure 2 ). Thermal processing modifies o y , modifies η very little, but it has almost no effect on the other mechanical characteristics such as Young's modulus (/21/). Certain researchers try to use a "mixture" law which takes into account the influence of thin film and substrate. We propose a law which can be written in the form: By using relations (21) and (22) 
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In equation (23) • E v {represent the total plastic energy when the specimen is made up only of film material,
• E v { represent the total plastic energy when the specimen is made up only of substrate material.
(If E v {* represents the part of plastic energy located in substrate if it is considered that all the material is made up only of film, and if £ ρ ϊ" represents the part of plastic energy located in substrate if it is considered that all the material is made up only of substrate, then Ej= E/+ Ef and
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Fig. 12:
Schematic representation of the bilayer model.
The traditional plastic energy expression for a plastic volume V p/ ., is:
The use of the expressions (27), (28) and (20), shows that α depends on the yield stress, strain hardening exponent and thickness of the film and of the substrate.
The real value of α is obtained from equation (23):
(29) 5f -δ 5 This value can be obtained from finite element results. Figure 13 gives the evolution of parameter α according to the load for σ/=1200 MPa, ay v =800 MPa and η = 0.2 with a film thickness of 0.4 mm.
Proposed model (27) closely approximates the real behaviour given by model (29) based on the finite elements method ( Figure 13) . Note that the model (27) is easy to use because we separately study two homogeneous materials (film and substrate) and we can use equations (22) and (23).
Identification procedure of the mechanical parameters for a bilayer
The studied sample (Z38CDV5 steel) is cylindrical, with a diameter of 1.5 cm and length of 1cm ( Figure   14 ). The mechanical characteristics of the substrate are: 
If we use equation (14) with the preceding values (31), we obtain a film hardness of 667 HV (respectively Figure 14 ). This method was tested on other steels and led to the correct determination of the various parameters.
CONCLUSION
The mechanical behaviour of a bilayer depends on the geometric and mechanical properties of both of its components.
For a bilayer with a hardness profile having a regular decrease and when the average film thickness involved is larger than 0.2 mm, an application of the drill bit procedure enables us to determine the hardness profile of a superficially heat treated steel, without substantial specimen destruction.
On the other hand, for a steel with a steep gradient or a low thickness, the indentation technique is a good approach for obtaining the film hardness. Formula (23) is a "mixture" law, which takes into account the influence of film and substrate. This influence is modelled by parametera. The expression of a is improved in order to take into account film and substrate plastic energies under indentation deformation. Model (27) which considers the plastic energies developed in a bilayer, is valid.
Model (27) allows us to determine mechanical (c/ y , η' and r/) and geometric parameters (/) of the bilayer by using error minimisation between the experimental curve and the proposed theoretical model (23).
Further developments will include the generalisation of the proposed model to the case of a multi-material with several layers.
